We present the analysis of Fermi Large Area Telescope (LAT) γ-ray observations of HB 21 (G89.0+4.7). We detect significant γ-ray emission associated with the remnant: the flux > 100 MeV is 9.4 ± 0.8 (stat) ± 1.6 (syst) × 10 −11 erg cm −2 s −1 . HB 21 is well modeled by a uniform disk centered at l = 88.
with the remnant: the flux > 100 MeV is 9.4 ± 0.8 (stat) ± 1.6 (syst) × 10 −11 erg cm −2 s −1 . HB 21 is well modeled by a uniform disk centered at l = 88.
• 75 ± 0.
• 04, b = +4.
• 65 ± 0.
• 06 with a radius of 1.
• 19 ± 0.
• 06. The γ-ray spectrum shows clear evidence of curvature, suggesting a cutoff or break in the underlying particle population at an energy of a few GeV. We complement γ-ray observations with the analysis of the WMAP 7-year data from 23 to 93 GHz, achieving the first detection of HB 21 at these frequencies. In combination with archival radio data, the radio spectrum shows a spectral break which helps to constrain the relativistic electron spectrum, hence parameters of simple non-thermal radiation models. In one-zone models multiwavelength data favor the origin of γ rays from nucleon-nucleon collisions. A single population of electrons cannot produce both γ rays through bremsstrahlung and radio emission through synchrotron radiation. A predominantly inverse-Compton origin of the γ-ray emission is disfavored because it requires lower interstellar densities than are inferred for HB 21.
In the hadronic-dominated scenarios accelerated nuclei contribute a total energy of ∼ 3 × 10 49 ergs, while in a two-zone bremsstrahlung-dominated scenario the total energy in accelerated particles is ∼1×10 49 ergs.
Introduction

10
Diffusive shock acceleration in supernova remnants (SNRs) is strongly advocated as the 11 mechanism responsible for the acceleration of Galactic cosmic rays (CRs, e.g. Drury 2012 ).
12
High-energy emission from SNRs is a powerful probe of this process (Reynolds 2008 ). In 
23
Both sources belong to a class of objects known as mixed-morphology (MM) SNRs,
24
where an outer shell revealed by non-thermal radio emission surrounds a central region 25 filled by thermal gas emitting in X-rays (Rho & Petre 1998) . There is a strong association X-ray observations with Einstein provide evidence that the SN explosion took place
34
-4 -in a low-density cavity, therefore suggesting a massive stellar progenitor (Knoedlseder 35 et al. 1996) . HB 21 has a radio shape with bright filaments and indentations suggesting 36 interactions with the nearby clouds (Byun et al. 2006 ). Looking at the CO distribution it 37 is possible to distinguish two different structures based on the velocity of the molecular 38 clouds. Koo & Heiles (1991) report the presence of broad CO lines emitted from shocked 39 clumps of molecular gas with high column densities. Infrared line observations (Shinn et al. 40 2009) reveal an infrared spectrum from H 2 gas with a mixture of temperatures, indicating 41 shocks into a multi-phase medium, typical of molecular clouds.
42
The distance to HB 21 was first estimated to be 0.8 kpc on the basis of an association
43
with the Cygnus OB7 complex and ROSAT observations of X-ray absorption (Leahy & 44 Aschenbach 1996). Considering the preshock velocities, the X-ray absorbing column density,
45
the H I and CO distribution along the line of sight and the highly polarized emission, the 46 distance was later determined to be ∼1.7 kpc (Byun et al. 2006) . In this work we adopt the 47 later, revised distance.
48
The age of the SNR is also uncertain. Lazendic & Slane (2006) determine an age of 49 ∼5600 years by fitting evolutionary models to the thermal X-ray spectrum of the SNR.
50
However, this results from assuming that the SNR is located at 0.8 kpc, and still in the cloud in the north-western region of the remnant.
69
Due to the large apparent size (∼2 • ) this object is well suited for a detailed 70 morphological study using Fermi LAT data. Therefore, it is ideal to further assess the 71 correlation between cloud-interacting shocks and γ-ray emission as a tracer of particle 72 acceleration in MM SNRs, as well as to investigate the possible spectral variations that 73 could shed light on the poorly known processes of particle escape from the shocks (e.g.
74
Gabici et al. 2009).
75
In this paper we present the analysis of ∼ 4 years of LAT observations of HB 21 and
76
we discuss the γ-ray emission mechanism in light of a new analysis of WMAP 7-years 77 data, as well as of archival radio data. In §2 we describe the γ-ray observations and the 78 morphological and spectral characterization of the γ-ray emission from HB 21. In §3 we 79 present the analysis of the WMAP and archival radio data, which reveals a break in the 80 high-frequency radio spectrum. In §4 the interpretation of these results is discussed. up to 300 GeV, but only find a significant detection of the source up to energies of several
98
GeV due to the limited number of events at high energies.
99
We perform the analysis in a 10
• ×10
• region of interest (RoI) centered at the radio 100 position of HB 21 (l = 89.
• 0, b = +4.
• 7). The RoI approximately corresponds to the 68% 101 event containment region for the P7SOURCE events at 100 MeV and exceeds the 95% 102 event containment region for energies 700 MeV. We adopted this narrower than usual RoI 103 in order to limit at the lowest energies the large uncertainties due to the modeling of the 104 1 http://fermi.gsfc.nasa.gov/ssc -7 -bright interstellar emission from the nearby Cygnus region (Ackermann et al. 2011 (Ackermann et al. , 2012c The background is composed of diffuse emission and individual nearby γ-ray sources.
113
Diffuse emission is taken into account using the standard models provided by the Fermi
114
LAT collaboration 2 for the P7SOURCE selection (see Nolan et al. 2012 
135
Finally, we note that the radio pulsar J2047+5029 is 0.
• 5 away from the remnant's parameters.
184
Each of these models was fitted to the whole-sky P7SOURCE data in the energy 185 range between 100 MeV and 300 GeV using the maximum likelihood method described 
191
The eight resulting models were used to repeat the source analysis described in §2. 4, 192 for the determination of the disk dimension, and §2.5 for the spectral analysis of the source.
193
In each of the iterations we replaced the standard isotropic background and Galactic 
Morphological analysis
207
In Figure 1a we show a count map of the RoI for energies >1 GeV, to visually illustrate 208 the morphology of the γ-ray emission in the region. We consider different spatial models
209
for the emission from HB 21, summarized in Table 1 . For each model we evaluate the test
where L 1 is the maximum-likelihood value for the model including the remnant and L 0 
217
We determine the position and extension of the γ-ray emission associated with HB 21
218 from γ-ray data only using the pointlike tool, which is optimized and widely validated • 1 and all maps are smoothed for display with a Gaussian kernel of σ=0.
• 4.
-13 -against Monte Carlo simulations for this purpose (Lande et al. 2012) . We model the source 220 as a disk with a power-law spectrum and we determine the position of its center (l, b) and 221 radius r, along with flux and spectral index from LAT data, using an energy binning of 222 eight bins per decade. We considered both the cases where 2FGL J2051.8+5054 is included 223 as a separate point source in the model or removed. In the first case we obtain the best fit 224 parameters: l = 88.
• 62 ± 0.
• 05, b = 4.
• 79 ± 0.
• 06, and r = 1.
• 14 ± 0.
• 07. In the second we have 225 l = 88.
• 04, b = 4.
• 06, r = 1.
• 06. the best fit disk, the significance of the detection of HB 21 is ∼ 29 σ. We also check whether 235 the source size changes with energy by separately fitting a disk to the LAT data from 1 to 236 3 GeV and from 3 to 10 GeV. We obtain r = 1.
• 09 in the lower-energy range and 237 r = 1.
• 24 ± 0.
• 09 in the higher-energy range. No significant change in size with energy is 238 detected.
239
In Figure 1b we show the background model map obtained from the fit with the disk, Table 1 ) we find that the extended source provides 243 a higher likelihood for a lower number of free parameters in the fit. Therefore, we conclude 244 that the hypothesis of extended emission is preferred over four individual point sources.
-14 -
We then calculate the systematic uncertainties related to interstellar emission using the 246 alternative models as described in §2.3. When the alternative interstellar emission models 247 are used, the γ-ray disk is systematically shifted toward the north-west part with respect to 248 the radio shell (with shifts in longitude between 0.
• 19 and 0.
• 24, and in latitude between 0.
• 06 249 and 0.
• 09), and the disk radius is systematically smaller by 0.
• 18-0.
• 24, but the significance 250 of the detection of HB 21 does not change sizably. This effect is mainly due to the different 251 approaches used to deal with the dark gas, neutral interstellar gas which is not well traced template fitted to the γ-ray data in the standard interstellar model, whereas they are used 256 to correct the H I column densities in the alternative models assuming a dust-to-gas ratio 257 independent from γ-ray observations. This leads to different estimates of the gas column complex (see Ackermann et al. 2011 Ackermann et al. , 2012c , whereas the alternative models do not.
261
These differences are found to have a significant impact on the determination of the SNR 262 morphology. We note that for all the alternative models the disk extends beyond the rim of 263 the remnant in coincidence with the western molecular cloud, but leave the faint south-east 264 edge of the radio shell off.
265
In Figure 2 we compare the γ-ray emission associated with HB 21 to emission from the 266 remnant at other wavelengths. Figure 2a compares the γ-ray image with radio emission at 
282
To quantitatively assess the correlation between γ-ray, X-ray and radio emission from
283
HB 21 we use the X-ray and radio images as templates in the γ-ray analysis. For both
284
templates we compare the cases when 2FGL J2051.8+5054 is included in the fit as a 285 background source or not. All the spatial templates are fitted with a power-law spectrum.
286
From the results reported in 
with three different curved spectral models in order to quantify deviations from the former.
299
The three functional forms are:
2. smooth broken power law
with Γ 1 and Γ 2 being the spectral indices below and above the break energy E b , 303 respectively 304 3. power law with exponential cutoff
where E c is the cutoff energy.
306
In Table 2 we report the T S values and the additional degrees of freedom for 307 the curved spectral models compared to the power law. All the curved models have individual bin is < 9 we calculate an upper limit at the 95% confidence level determined 322 through the likelihood profile method.
323
We show the resulting SED in Figure 3 with also systematic errors indicated.
324
Systematic errors due to interstellar emission model are then summed in quadrature with 325 the error due to the LAT effective area uncertainties ( §2.3) for display. The SED points are 326 reported in Table 3 . The contributions due to the modeling of interstellar emission and the
327
LAT effective area are presented separately. In the energy range considered, the systematic energy bins where the T S of the source is < 9.
-22 - a. radio-emitting area (modeled with a uniform disk centered at l=89.
• 0 b=+4.
• 7 with 336 radius 1 • ) and the remainder of the best-fit disk ( Figure 4a) ; 337 b. southern shocked-CO region (modeled as a uniform disk centered at l=88.
• 38 b=4.
• 50 338 and radius 0.
• 35) and the remainder of the best-fit disk ( Figure 4b) ; 
343
We first perform the analysis above 1 GeV to profit from the narrower PSF. For this 344 configuration we modeled the source spectrum as a simple power law. The results are 345 reported in Table 4 . There are no significant improvements in the likelihood from splitting 346 the disk in subregions (< 2σ). This means that there is no evidence of spectral variations 347 across the γ-ray emitting region. Indeed, the spectral indices of the subregions are all 348 compatible within statistical uncertainties.
349
Then we perform the analysis over the full energy range above 100 MeV. We fit the The radio morphology of HB 21 is that of a large oblate shell (see contours in Figure   362 4a). It has both a large angular diameter and high radio flux density, which have made it a 363 favorable target for telescopes across the radio spectrum. High-resolution imaging reveals 
368
The WMAP data are fit within a 4
• square region with a spatial template plus a 
381
The global radio spectrum of HB 21 from 38 MHz to 93 GHz is shown in Figure 6 . We the data below 10 GHz because it does not account for the break at high frequencies.
388
We therefore include a spectral break of ∆α = 0.5 at a frequency ν b . This is 4 GHz, and a significance of 5.2σ.
398
The radio index, α, is related to the particle index, Γ p , by Γ p = 2α+1. The observed 399 radio index below the break α = 0.38 gives Γ p ∼ 1.8, which is similar to the spectral index 400 obtained with the Fermi LAT data in §2.5. We explore physical mechanisms which could 401 explain both the γ-ray and radio spectra in the discussion in §4.
402
The observed break in the high-frequency spectrum cannot be explained by spectral 
421
To constrain the emitting particle distribution we simultaneously fit radio and γ-ray 422 emission from non-thermal electrons and protons. Initially, we adopt the simplifying 423 assumption that all emission originates from a region characterized by a constant matter 424 density and magnetic field strength. This single emitting zone is assumed to be equal to 425 the size of the remnant derived from the best-fit γ-ray disk. Additionally, the population of 426 accelerated nuclei and electrons is assumed to be described by the same particle distribution,
427
here assumed to follow a power-law with an exponential cutoff of the form dN/dp ∝ η e,p p
−Γp
428
× exp(-p/p max ), where η e /η p gives the ratio of electrons to protons and p the momentum.
429
The normalization and maximum energy cutoff are left as free parameters, and adjusted to 430 fit the data. An exponential cutoff in the momentum spectra of electrons is expected when 431 energy losses exceed the rate of energy gain from shock acceleration (Webb et al. 1984) . In 432 practice, we find that we do not have sufficient spectral coverage to differentiate strongly 433 between an exponential cutoff or a broken power law.
434
-32 -To determine the total energy in relativistic particles from the normalization of the 435 non-thermal emission we must consider the physical conditions of the emitting region.
436
HB 21 is known to lie in the vicinity of several large molecular clouds. that this is uncertain by a factor of a few.
448
There are three primary emission mechanisms to produce γ-ray emission in SNRs. In modified such that each of these three emission mechanisms is dominant.
459
-33 -One-zone models for all three scenarios are presented as SED fits in Figure 7 .
460
Parameters are given in ability to fit the broadband spectrum, they are representative.
468
Under our simple assumptions, a single zone with a single particle distribution for both 469 electrons and protons, we find that only hadronic models can reproduce both the observed SED from one electron population, as can be seen in Figure 7 . To produce a model in which
476
IC emission dominates, we must adopt a density of ∼0.1 cm −3 , which is well below gas 477 density estimates. Therefore an IC-dominated model is unlikely, and furthermore, cannot The failure of bremsstrahlung-dominated models is largely due to an inability to fit 482 both the observed spectral breaks in the radio and γ-rays. clouds have a well-known multiphase structure, so the density of HB 21 is unlikely to be 489 uniform, and the one-zone approximation may be overly simplistic.
490
We therefore explored relaxing the single-zone assumption by modeling the radio and 
497
In this two-zone scenario, we found that both bremsstrahlung-and hadronic-dominated 498 models can fit the data. The cutoff in the accelerated particle spectrum responsible for 499 γ-rays need not match that responsible for the radio emission, due to the different physical 500 conditions. It is also possible that high-energy CR electrons may cool in the dense filaments Table 7 for parameters). In each model the radio data are fit with a synchrotron component, shown as a black curve. The individual contributions of π 0 -decay (long dashed), bremsstrahlung (short dashed), and IC emission from CMB (dotted) are shown. The sum of the γ-ray emission is shown by the solid curve.
The leptonic and hadronic components are colored blue and red, respectively. HB 21, the latter model was shown to plausibly explain radio and γ-ray emission from SNR 527 S147 (Katsuta et al. 2012 ).
528
HB 21 shows a cutoff or break in the γ-ray spectrum mirroring that of the underlying 529 particle spectrum, which is typical of middle-aged SNRs detected by the LAT (e.g. the
530
Cygnus Loop, Katagiri et al. 2011 , and W28, Abdo et al. 2010a ). This is in agreement 531 with the circumstantial evidence for HB 21 itself to be a middle-aged/old remnant (see §1).
532
Given the long timescales for radiative losses via proton-proton collision, bremsstrahlung 
Summary
543
We analyzed Fermi LAT γ-ray data from the region around HB21, a MM SNR. We 544 detect significant γ-ray emission (∼29σ) associated with the remnant. The emission is best 545 modeled by a disk centered at (l,b) = (88.
• 04, +4.
• 06) with a radius r = 1.
• 19
546
± 0.
• 06 with a systematic uncertainty on the position of ∼0.
• 25 and on the radius of ∼0.
• 24,
547
so it is well-resolved by the LAT for energies greater than 1 GeV. The γ-ray emission 548 extends over the whole area of the non-thermal radio shell, larger than the X-ray emitting further support this hypothesis were detected with the current observations.
555
The spectrum is best modeled by a curved function, indicative of a cutoff or break 
565
Even considering statistical uncertainties only, we do not find any significant evidence for 566 spectral variations across the SNR, as suggested for cloud NW and A in their work.
567
We complement the γ-ray analysis by exploiting the WMAP 7-year observations from 568 23 to 93 GHz, obtaining the first detections of HB 21 at these energies. By combining
569
WMAP with lower-energies radio observations we find that the radio spectral index of 570 HB 21 steepens significantly above 10 GHz. This spectral feature in the radio helps to 571 constrain the relativistic electron spectrum and constrain possible physical parameters in 572 simple non-thermal radiation models.
573
An IC origin of the γ-ray emission is disfavored because it would require unrealistically 574 low interstellar densities in order to prevent bremsstrahlung from dominating. 
